The majority of homosporous ferns have a chromosome number that is severalfold greater than that of diploid seed plants. These fern species have therefore been generally considered to be of polyploid origin. Enzyme electrophoretic investigations have demonstrated, however, that within fern genera, species having the lowest chromosome numbers (n = 27-52) have the number of isozymes typical of diploid seed plants; there is no isozyme evidence for polyploidy of these plants. We have constructed a genomic DNA library from Polystichum munitum (n = 41), a homosporous fern, and have screened the library for sequences homologous to the chlorophyll a/b-binding (CAB) protein genes of higher plants.
The majority of the sequences isolated and characterized by nucleotide sequence determination represent defective CAB genes. This result is in contrast to the situation in the genomes of diploid angiosperms, where most, and sometimes all, copies of the CAB gene family represent functional members. Several hypotheses could explain the existence of multiple defective CAB genes in P. munitum. (i) The defective CAB genes are the result of "gene silencing" following polyploidy. (u) P. munitum has not gone through a polyploidization event, but several, and perhaps the majority, of its CAB genes have mutated to a nonfunctional state (a phenomenon not yet observed in any of the genomes of non-fern plants so far examined). (iui) Some defective CAB genes have been specifically amplified in the genome of P. munitum.
The average haploid chromosome number for homosporous ferns, 57 (1) , is so high that up to 95% of all species have been considered polyploids (2, 3) . However, it has been shown (4, 5) that within fern genera, species having the lowest chromosome numbers (n = 27-52) have the number of isozymes typical of diploid seed plants (6) . These original observations have now been expanded to include all the major groups of homosporous pteridophytes (reviewed in ref. 7) . Therefore, these plants either have gone through repeated cycles of polyploidy and gene silencing or were initiated with high chromosome number. If these species are ancient polyploids that have "diploidized" by the accumulation of mutations in the extra copies of genes so that only one homeologous locus is now expressed, one would expect to find in these fern genomes the remnants of the mutated and silenced genes.
The chlorophyll pigment molecules, the primary receptors of light energy in the two photosystems (PSI and PSII) of eukaryotic photosynthetic organisms, are anchored in the thylakoid membranes of the chloroplast through their interaction with a set of proteins known as the chlorophyll a/b-binding proteins (CAB proteins). In many angiosperms, both dicots and monocots, the CAB proteins are encoded by a set of structurally and evolutionarily related nuclear genes, i.e., by a "gene family" (8 Construction and Screening of P. munitum Genomic Library. Nuclei isolated by a sucrose gradient procedure (12) were then treated with hot cetyltrimethylammonium bromide and the DNA was further purified (13) . Construction of the library followed Maniatis et al. (14) . The P. munitum DNA (8.5 ug) was partially digested with the restriction endonuclease Sau3A1. After size fractionation by sucrose gradient centrifugation, fragments in the 15-to 20-kilobase range were ligated to the arms of the phage vector Charon 35. The library was screened with probes derived from tomato CAB genes. Specific probes are described in Results. Screening at lowstringency conditions was carried out as described (9 Proc. NatI. Acad. Sci. USA 87 (1990) probes derived from different parts of the tomato Cab-3C gene. The original probe used in the isolation of these clones hybridized to all six clones, as expected. However, a probe derived from the 5' half of the gene, (from a HindIII site 5' to the initiating ATG codon to the HindIII site in the middle of the gene; ref. 9 ) hybridized only to clones 3, 4, and 7.
We further characterized, by nucleotide sequence determination, two of the clones (nos. 3 and 7) that hybridized to both the 5' and the 3' CAB probes and two of the clones (nos. 6 and 8) that hybridized to only the 3' probe. The nucleotide sequences of these four clones are presented in Fig. 1 . Only clone 3 contains a potentially functional CAB gene. Sequence comparisons indicate that this gene contains an intron with consensus splice sites (5'-GT ... AG-3') in the same position as do PSII type II CAB genes of angiosperms (18, 19) and an unspecified CAB gene from a moss (20) , and it encodes a protein of 265 amino acids. The assignment of the intron was facilitated by the relatively high conservation ofthe amino acid (Fig. 2, Table 1 ). This CAB gene does not contain any obvious structural defect (but see Discussion); however, we have not determined whether it is transcribed and, if it is transcribed, whether a functional protein is produced and is properly transported to and assembled in the chloroplast. This gene can thus be considered only as a "potentially functional" gene.
The CAB genes from the other three clones were revealed by nucleotide sequence determination to be clearly defective. The CAB gene on clone 7 contains both exons and the single intron in the same position as that in the CAB gene on clone 3. However, in the second exon it contains a deletion of a single nucleotide, as well as two nucleotide substitutions that result in nonsense (termination) codons (Figs. 1 and 2) . The overall sequence identity of the coding region of this gene to the CAB gene on clone 3 and to angiosperm PSIICAB genes is much lower than the sequence identity of clone 3 to the angiosperm CAB sequences. The CAB genes on clones 6 and 8 each contain the central portion of the second exon only, with the first exon completely missing. Within the segment of homology, the sequences from clones 6 and 8 show additional deletions and insertions relative to known functional CAB genes. In addition, they also contain nonsense mutations ( Figs. 1 and 2 ). Probing these clones with short probes from the extreme 5' and 3' coding regions of the CAB genes did not The CAB gene from clone 3 has an intact structure typical of other known functional CAB genes from moss (20) and angiosperms (8) . The protein it encodes shows high sequence similarity to the previously reported moss CAB sequence and to PSII type I and II CAB sequences of angiosperms (Table  1) . However, it does not contain the highly conserved sequence Met-Arg-Arg or Met-Arg-Lys at the processing site of the transit peptide but instead contains the sequence MetMet-Ala (Fig. 2) . Thus, although a protein with high sequence identity to other known CAB proteins may result from the expression of this gene, further work is necessary to show whether indeed this gene is transcribed and, if so, whether a functional protein is produced and is properly transported to and assembled in the chloroplast. In angiosperms, the PSII type I genes contain no introns (9) but the type II genes do contain a single intron (18, 19) . This intron is present in the moss CAB gene and in the two fern sequences described here that contain sequences homologous to both the 5' and the 3' coding region of CAB genes (i.e., the CAB genes from clones 3 and 7). Thus, a CAB gene containing no introns has not yet been identified in any species other than angiosperms. It is likely that the PSII type I CAB genes of angiosperms represent a lineage that has lost this intron. The angiosperm type I and type II CAB genes (represented by tomato) encode proteins that are only 12% divergent from each other in the region compared in Table 1 . In the same region, the protein encoded by the fern CAB gene from clone 3 is slightly more similar to the tomato PSII type I protein (9.7% divergence) than to the tomato PSII type II protein (13% divergence), suggesting that the angiosperm PSII type I and type II CAB gene lineages diverged slightly before, or perhaps immediately after, the separation of the fern and angiosperm lineages. Other types of angiosperm CAB genes encode proteins that show much greater divergence (60-70%o) (1), and the splits among these lineages are therefore likely to have occurred prior to the divergence of lineages leading to angiosperms and ferns. Genes for these additional CAB lineages have not been isolated from ferns.
Proc. Natl. Acad. Sci. USA 87 (1990) The sequences found on clones 6, 7, and 8 represent CAB-related sequences. However, structural defects (insertions, deletions, nonsense mutations) clearly render these CAB genes nonfunctional. In each case, the portion of the gene that has survived also shows a high rate of coding sequence divergence compared with the known functional CAB genes (Fig. 2) . The large proportion of nonfunctional PSII CAB genes in P. munitum is in marked contrast to the situation in angiosperms, where a detailed investigation of several species has revealed few or no clearly defective CAB genes. For example, the tomato genome contains eight functional type I and two functional type II CAB genes and only a single truncated type I gene (9) .
A possible trivial explanation for these observations is that artifacts in the cloning procedures have produced DNA sequences that do not reflect the situation in vivo in the P. munitum genome. Two observations argue against this possibility. First, artifacts in cloning usually involve large deletions and insertions (22), but not short deletions and insertions and nucleotide substitutions, and all these changes have been found in the cloned genes. Another observation that suggests that the cloned sequences are accurate representations of sequences in the genome is the similarity between the defective CAB genes from clones 6 and 8. For example, both contain an eight-nucleotide deletion in the exact same position (Fig. 1) , and the sequences of the encoded proteins are very similar to each other but very different from other known CAB sequences (Fig. 2) . Clones 6 and 8 are independent isolates from the primary library construction (unamplified) and it is, therefore, very unlikely that the many small changes that are shared by both sequences have occurred independently during the construction and handling of the library.
Several scenarios could be invoked to explain the existence of multiple defective CAB genes in the genome of P. munitum. First, some defective CAB genes may have been specifically amplified, by unspecified mechanisms, in the genome of P. munitum during evolution. Unusually large numbers of copies of a specific gene in some species have been observed previously. For example, the genome of petunia contains >200 copies of actin genes, whereas other plants examined have at most 10-15 copies (23). It is not known, however, whether any of the petunia actin genes are defective. In mammalian genomes, multiple nonfunctional "pseudogenes" are often created through reverse transcription of mRNA and integration of the copy DNA into the chromosome (24) . The defective CAB genes whose sequences we present here are unlikely to have been amplified by an RNA intermediate, since one of them (on clone 7) contains an intron, and the other two (on clones 6 and 8) are missing both 5' and 3' ends of the coding region and show no evidence of a poly(A) tail (Fig. 1) . The similarity between clones 6 and 8 is intriguing. They may indeed represent an amplified sequence in the genome, or they may simply be allelic (with extensive deletions on both homologous chromosomes at this locus).
A second scenario assumes that the P. munitum lineage has never undergone a polyploidization event, and that starting with a normal complement of PSI1 CAB genes, several, and perhaps the majority, of the members of the PSII CAB gene family in the genome of this plant have mutated to a nonfunctional state. As discussed in the Introduction, this phenomenon has not been observed in the CAB gene family in other plant genomes or in other angiosperm gene families.
A third scenario is based on the assumption that P. munitum was, sometime during its evolution, a polyploid.
Then its present genome may have undergone the process of diploidization, which, among other things, also involved mutations to nonfunctionality in extra copies of genes (4, 5) . Gene silencing in plant polyploids has not been systematically studied on the molecular level, but some angiosperm plants of known recent polyploid origin, such as hexaploid wheat (Triticum aestivum, n = 21), have been shown to maintain multiple functional copies of genes encoding many, but not all, isozymes (25) . P. munitum and other ferns with similar chromosome numbers (n = 27-52) do not show multiple copies of functional genes encoding most isozymes (4, 5) . If these ferns are in fact descended from polyploid lineages, as suggested by their chromosome number, it must be assumed that the polyploidization events in the history of these lineages are much more ancient than the polyploidization event that gave rise to wheat. Alternatively, gene silencing in fern polyploids may occur much faster than in angiosperm polyploids.
For several reasons, some of which depend on the specific gene system examined (CAB) and some of which do not, it is not possible with the present data to distinguish among the three competing hypotheses listed above. In screening the P. munitum DNA library, we identified more than 50 positive phages, and the first 6 that we further characterized were all different, suggesting that the number of CAB genes in P. munitum is considerably greater than 6. However, even if the number of CAB genes in P. munitum were much higher than that encountered in diploid angiosperms ( Although it is thus premature to conclude that our results indicate an ancient polyploid origin for P. munitum, it is intriguing that this study, which to our knowledge is the first molecular examination of a fern nuclear gene system, detected multiple defective genes. If defective copies are found in most other gene systems in ferns, it would be of great interest to examine the effect such nonfunctional genes have on the expression of the fern genome, and, in consequence, on the cellular and developmental processes of the plant.
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